Multiple endocrine neoplasia type 1 (MEN 1) is a familial syndrome characterized by parathyroid, enteropancreatic and pituitary tumors. The gene responsible for this syndrome is localized at chromosomal 11q13 region and DNA markers from this region cosegregate with the disease. The recent identification of the MEN1 gene, encoding for a protein termed menin of 610 amino acids, allowed mutational screening to be performed both in affected families and sporadic cases. To date many different heterozygous mutations, spreading across all the encoding sequence, have been identified in MEN 1 patients with no apparent mutational hot spots or genotype-phenotype correlation. To analyze the genetic alterations of the MEN1 gene occurring in Italian patients we performed mutational screening by Denaturant Gradient Gel Electrophoresis followed by sequencing of exons 2-10 of the MEN1 gene in 27 Italian MEN 1 families and in five sporadic cases. We identified 17 different heterozygous mutations in 60% of analyzed cases. Twelve of these mutations are novel. Two mutations each occurred twice in unrelated families but no evidence of genotype-phenotype correlation can be established for these families. The extension of genetic diagnosis to asymptomatic family members allowed the identification of 10 MEN1 mutant gene carriers, one newly described and nine previously detected by linkage analysis with DNA markers from the 11q13 region. Our findings add new information to the diversity of mutations occurring in the MEN1 gene and confirm that the mutational screening of MEN 1 is a useful approach to detect individuals at higher risk of developing MEN 1-associated tumors.
Introduction
Multiple endocrine neoplasia type 1 (MEN 1) syndrome is characterized by the combined occurrence of neoplastic lesions of the parathyroid glands, the neuroendocrine cells of the gastroenteric tract, and the anterior pituitary. To a lesser extent, other endocrine and non-endocrine tissues can be affected: carcinoids, lipomas, pinealomas, adrenocortical and thyroid follicular tumors and spinal cord ependymomas are also associated with MEN 1 (1, 2) .
The clinical picture for MEN 1 syndrome is largely dependent on the involved glands and on the presence of the type of hormonal hypersecretion. With increasing age all of the three tissues can be affected, but primary hyperparathyroidism is the most common endocrinopathy (87-97%) in MEN 1 and often the first manifestation (1) . Hypersecretion of other involved organs, such as the endocrine pancreas and the anterior pituitary are respectively present in 32-75% and 16-40% of cases (3, 4) . However, any of the MEN 1 lesions could well be the first one to become clinically detectable (1) . The prevalence of MEN 1 has been estimated as 1/30 000-1/50 000 on the basis of autopsy and epidemiological studies (5) , but it might be underestimated because of the possibility of misdiagnosis. Thus MEN 1 syndrome may be defined as an unrecognized more than an uncommon disease (6) . MEN 1 tumors may either be inherited or they may occur sporadically (i.e. without an apparent family history), even though distinction between sporadic and familial cases may sometimes be difficult. The disorder is inherited with an equal sex distribution according to an autosomal pattern of inheritance and the offspring of a MEN 1 patient have a 50% of chance of inheriting the disease. The age of onset ranges from 6 to 81 years and most individuals carrying the predisposing genetic defect may escape clinical manifestations for several decades. Thus, when only clinical screening is performed, it is difficult to exclude family members from being at risk and children of unaffected individuals at risk should be included in the screening programs. The MEN1 gene has been localized by geneticmapping studies to chromosome 11q13 (7, 8) and loss of the wild-type copy of the inherited allele at this chromosomal region in the majority of MEN 1-associated tumors had implied that the MEN1 gene represents a putative tumor suppressor gene (7) . Linkage analysis in MEN 1 families using DNA markers from the 11q12-13 region has been an extremely important tool for many years in order to perform genetic screening on each first degree family member.
Recently, the MEN1 gene was identified by positional cloning. It contains one untranslated exon and nine exons encoding a 610 amino acid protein, termed menin (9) . This protein, which exhibits no apparent similarities to any already known protein, shows a nuclear localization (10) . Regarding its function, very recent studies identified the transcription factor JunD as a direct menin-interacting partner, the menin protein being a tumor suppressor via direct binding to JunD and inhibition of JunD activated transcription (11) . Germ-line mutations of the MEN1 gene was identified in most of the MEN 1 families tested. Evidence is accumulating that suggests that menin function is likely lost in some sporadic neoplasias involving the same tissues affected in the hereditary MEN 1 syndrome (12) (13) (14) . All the observed mutations spread across the entire coding region, suggesting the lack of obvious mutational hot spot or correlation between genotype and clinical phenotypes (9, (15) (16) (17) (18) (19) (20) (21) . The majority of mutations predict premature protein truncation due to either nonsense or frameshifting type mutations. The frequent protein truncation mutations likely cause gene inactivation, consistent with the first mutational event according to the 'two hits' hypothesis for tumorigenic mechanism by a tumor suppressor gene (7).
Here we report the results of mutational analysis of the MEN1 gene in 27 Italian unrelated MEN 1 families and in five isolated MEN 1 patients, all collected through the Italian Register of the Multiple Endocrine Neoplasias (RINEM) (22) .
Materials and methods

Patients
Familial and sporadic cases were identified through RINEM including to date 27 MEN 1 families and 24 sporadic MEN 1 patients without apparent family history of the disease. The familial form of MEN 1 was defined as that with at least two members demonstrating hypercalcemia in addition to at least one member with evidence of pituitary or endocrine pancreaticduodenal tumor. Informed consent was obtained from all the patients. Mutational analysis was performed in a total of 56 individuals from the 27 MEN 1 families: 36 affected subjects and 20 unaffected relatives. Additionally, five of the 24 sporadic cases were available for mutational screening. Thirteen of the 27 families, including the single Italian MEN 1 family in which both parents are affected, had previously been analyzed by genetic linkage using polymorphic DNA markers from the MEN1 chromosomal 11q12-13 region (23, 24) .
Polymerase chain reaction
Genomic DNA was extracted from peripheral blood samples using standards methods. For each analyzed patient 0.2-0.5 mg of DNA was used as a PCR template for the amplification of the entire MEN1 coding sequence using the Expand Long Template PCR system of Boehringer Mannheim (Indianapolis, IN, USA) according to the manufacturer's instructions. The following forward and reverse primers were used for Long-PCR:
0 . The PCR product was used in a series of nested PCRs to obtain 14 different fragments containing the region of interest (i.e. the exon and its flanking intronic sequences). For the specific nested fragments thermal cycling was performed in a Helix thermal cycler (Diatech, Ancona, Italy). An initial 94 ЊC denaturation step for 5 min was followed by 35 cycles of denaturation at 94 ЊC (1 min), annealing step at the specified temperature (Table 1 ) and extension step at 72 ЊC (1 min 30 s), with a final extension step of 5 min at 72 ЊC. PCR primer sequences and annealing temperature are shown in Table 1 . For all PCRs the reaction volume was 50 ml containing 50 mmol/l KCl, 10 mmol/l Tris-HCl (pH 8. 
Denaturant gradient gel electrophoresis analysis
The theoretical melting profiles of the 14 amplified fragments were generated using the computer algorithm of Lerman and co-workers (25) . The melting map predicted that in all cases the region of interest of the amplified PCR product would be contained in a single, low-melting domain. Hence, mutations that occur within those regions are likely to be detected by denaturant gradient gel electrophoresis (DGGE). Denaturant gradients for each fragment were empirically optimized (Table 1) . Parallel denaturant gradient gels were cast and run using the D-Gene apparatus (Bio-Rad, Hercules, CA, USA) according to the method of Myers and co-workers (26) . Six to 20 of the exon specific PCR were denatured at 95 ЊC for 3 min, allowed to form heteroduplexes for 1 h at room temperature and loaded onto the gel. Electrophoresis was achieved for 15 h at 44 V or for 4 h at 160 V in 58 ЊC on a 9% acrylamide gel with increasing denaturant concentrations ( Table 1) . Gels were stained with ethidium bromide and visualized under u.v. light.
DNA sequencing
PCR products exhibiting an abnormal electrophoretical run and therefore suspected of harboring mutations were sequenced. One microliter of the long-range PCR product was amplified by nested PCR using primer pairs containing a tail complementary to the labeled primers used for the sequencing reaction. Sequencing standard primers M13universalCS(-43) and M13reverse(-49) were labeled by fluorochrome IRD-800 (BioSense, Milan, Italy). The sequencing reactions were performed according to the cycling system protocol on LI-COR DNA Sequencer 4200 (LI-COR Inc., Lincoln, NE, USA) using the SequiTherm Excel II DNA sequencing kit (Epicentre Technologies, Biospa, Milan, Italy). Confirmation of the sequence data was carried out in the families to demonstrate segregation of the mutation with the disease. Whenever a mutation resulted in an altered restriction site, the appropriate enzyme was used. Ten microliters of the specific PCR product were digested by the appropriate restriction endonuclease (Boehringer Mannheim) according to the manufacturer's recommendations, run on a 2% agarose gel at 100 V for 2-3 h and visualized with ethidium bromide. In the cases where the mutation did not affect a restriction site the mutated fragment was sequenced in both affected and unaffected family members.
Results
A total of 17 different heterozygous germ-line mutations were identified in 15 of 27 (56%) MEN 1 families and in four of five (80%) sporadic cases. These different mutations spread across most of the nine translated exons (Fig. 1) and consisted of three nonsense, three missense, two splicing, two insertional and six deletional frameshift mutations, and one intronic deletion ( Table 2) . Twelve of the 17 described mutations are novel, the remaining five (359del4, Q450X, 738del4, T344R, R415X) have been previously described in MEN 1 patients from other countries (9, 15, 17, 20, 21 Table 2 . Nonsense, DGGE, Mae I Gln → Stop, CAG → TAG (exon 2) and 1555insG (exon10), each occurred twice in different unrelated families. The other mutations were unique and involved 6/9 of the translated exons, and splice-junction sites (donor and acceptor) flanking exon 4. No mutation was found in 12 families and in one sporadic case neither by DGGE screening nor full sequencing.
Previous genetic linkage studies performed in 13 of the 27 MEN 1 families analyzed here showed cosegregation of DNA markers from the 11q12-13 region with the disease (23, 24) . In ten of these families mutation analysis confirmed the presence of mutation in the affected members as well as confirmed the genetic diagnosis of ten asymptomatic mutated gene carriers. In the remaining three families no mutation was found, although linkage to the 11q13 region could not be excluded. In addition to these linkage data, one asymptomatic carrier was identified by direct mutational screening in one family (F23) where linkage analysis has not been performed as only DNA from one affected individual was available. By DGGE followed by sequencing we identified a novel nonsense mutation in exon 10 for this patient. The mutation truncates the protein at 508 amino acid and creates a new Mae I restriction site. Enzymatic digestion of the available DNA from other family members allowed identification of one asymptomatic MEN1 mutant gene carrier. Mutation analysis was also performed in the single Italian MEN 1 family (F05) in which both parents are affected (23) . We confirmed the presence of the previously described frameshift mutation 738del4ACAG (21) in the affected mother and in the other affected members on her side in the pedigree and in all of three siblings using heteroduplex analysis on 4% agarose gel (Fig. 2) . No mutation was found in the affected father and in his affected sisters, neither by DGGE nor full sequencing, although linkage to the MEN1 region has been clearly established allowing identification among the three siblings of one heterozygote and two homozygote individuals for the disease gene (23) .
Discussion
We report the screening for germ-line mutations of the MEN1 gene in 27 MEN 1 families and five isolated MEN 1 cases with no apparent family history of the disease. We detected mutations in about 60% of all cases (15 families and four sporadic cases). When the DGGE screening was negative we performed full sequencing in order to eliminate mistakes due to an insufficient DGGE sensitivity. Only three additional mutations were so identified while 14 mutations were detected by DGGE analysis. On the basis of these data the method described here for mutation screening shows sufficient accuracy and reliability in order to perform genetic tests in MEN 1 families (Fig. 3) . However negative DGGE cases should undergo direct sequencing. Mutations were also found in four of five isolated cases in which no apparent family history of MEN 1 could be found. This rate of detection makes mutation analysis of the MEN1 (23) . Electrophoresis on 4% agarose gel of exon 3 PCR product for each family member is shown. Filled circles and boxes indicate affected individuals. Lanes 6-10 exhibit the presence of heteroduplex DNA fragments caused by the 738del4 mutation (Table 2) . gene worthwhile in isolated cases. All the isolated cases had two or more of the MEN 1-related features. DNA from parents of the analyzed sporadic cases were not available, so we cannot confirm the existence of de novo mutations for these patients.
Previously published data described that between 5 and 20% of clinically proven MEN 1 patients may not harbor identifiable mutations in MEN1 coding sequence (9, 15, (19) (20) (21) . In our study no mutation was found in 12 families (40%) and in one of the affected parents for the F05 family where a different mutation in each parent could be expected. It is possible that the mutations in all these cases lay in regulatory or untranscribed regions of the MEN1 gene which are undetectable by our methods of screening. Another possibility is the occurrence of germ-line heterozygous large deletion of the entire MEN1 gene. More likely, different genetic defects other than those of the MEN1 gene might be responsible. In three of these 12 mutation-negative families, as well as in the F05 family, previous linkage studies have demonstrated cosegregation between MEN1 and closely flanking polymorphic markers from the 11q13 region. This makes it difficult to exclude the involvement of the MEN1 gene. Recent studies identified the transcription factor JunD as a direct menin-interacting partner. Menin's tumor suppressor function involves direct binding to JunD and inhibition of JunD-activated transcription (11) . We can speculate that alterations in the pathway activated by the menin-junD interaction may be responsible for the same effects of an altered MEN1 product, suggesting the hypothesis of the existence of phenocopies. Alternatively, alterations of the transcription factor junD may interfere with the normal tumor suppressor function of the MEN1 gene. Finally, the possibility of incorrect clinical diagnosis has to be taken into account.
For all 13 different mutations described in 15 MEN 1 families, we confirmed that they were inherited according to the MEN 1 phenotype, while none of these mutations were observed in an analysis of 50 normal DNA samples.
Two of the observed mutations occurred twice, each in two unrelated different families. The analysis of the clinical features in these families for both mutations did not suggest any correlation between genotype and phenotype. In general our data confirm those previously published about the apparent lack of genotype-phenotype correlation (15) (16) (17) (18) (19) (20) (21) . Twelve of the mutations identified in this study are novel, adding new information to the well known diversity of MEN1 mutations and confirming the absence of mutational hot spots for the MEN1 gene. As recently shown, the central domain, a separate domain at amino acid (Table 2) ; (c) exon 3, one heteroduplex in lane 1 caused by mutation V215 M (Table 2) ; (d) exon 9, this image shows the known polymorphism D418D due to a C → T change (15) , homoduplex C/C in lanes 1, 3, 6, 8, 11, 15 and 16; homoduplex T/T in lanes 2, 7, 12 and 17; heteroduplex C/T in lanes 5, 9, 10, 13 and 14; samples in lanes 4 and 18 were suspected to harbor mutation since they show a distinguishable electrophoretical pattern, sequencing confirmed the presence of two different nonsense mutations (Table 2) . DGGE analysis allowed detection of 82% of the MEN1 mutations.
residues 139-242 and the N-terminus of menin could have a critical role in menin-JunD interactions (11) . Looking at the position of the identified mutations on amino acid sequence, it is important to note that the majority of MEN1 mutations identified in our analysis localizes in these domains of the protein. However, the importance of this observation will be confirmed by additional studies on menin function, considering that mutations falling outside these critical amino acid regions are disease-associated and, therefore, the disruption of menin-JunD binding may not be the critical feature for disease expression.
In conclusion, we propose the application of the mutational screening reported here using DGGE analysis followed by sequencing as a useful approach to detect individuals at higher risk of developing MEN 1-associated tumors. Future information on menin function will be fundamental for building up clinical counseling for gene carriers based on mutational analysis.
